Abstract: Cardiac pheochromocytoma is relatively rare. Few reports describe the intraoperative and postoperative progression of patients experiencing a life-threatening pheochromocytoma crisis treated with extracorporeal membrane oxygenation (ECMO).
INTRODUCTION

P
heochromocytomas are catecholamine-secreting tumors originating from the stem cells of the neural crest. Approximately 1% of pheochromocytomas are intrathoracic in origin, 1 and cases of multiple pheochromocytomas containing both adrenal and extraadrenal tissue are even rarer. 2 Pheochromocytoma crisis is a life-threatening emergency with a high mortality despite aggressive treatment, mostly due to cardiovascular failure. 3, 4 The clinical manifestation of pheochromocytoma crisis ranges from severe hypertension to circulatory failure and shock, but the most severe, complex, difficult, and rare form of pheochromocytoma crisis is cyclic hypertension alternating with hypotension. 5, 6 Some studies have reported that extracorporeal membrane oxygenation (ECMO) was successfully used to reverse pheochromocytoma-induced, Takotsubo-like cardiomyopathy and global heart failure or cardiogenic shock. 3, [7] [8] [9] [10] [11] However, there are no known reports describing ECMO use in cases of life-threatening pheochromocytoma crisis with rapid cyclic blood pressure fluctuation. Herein, we report a rare case of pheochromocytoma crisis presenting as rapid cyclic blood pressure fluctuation caused by multiple, cardiac pheochromocytomas that was successfully treated by ECMO.
CONSENT
Written informed consent was obtained from the patient before and after all procedures, and for the publication of this case report and accompanying images.
CASE REPORT
A 35-year-old man was referred to our facility for paroxysmal hypertension with a 10-year history of sweating, headaches, cardiac palpitations, and postexercise dyspnea. His blood pressure was 140/90 mm Hg with regular antihypertensive medication. Pheochromocytoma was preliminary diagnosed due to his significantly elevated urinary norepinephrine concentration at 259.2 mg/24 h (normal range 16.69-40.65 mg/24 h).
Radionuclide examination comprising an isotope scan (iodine-131 metaiodobenzylguanidine), somatostatin receptor scintigraphy, and 18F-fluorodeoxyglucose positron emission tomography/computer tomography (CT) confirmed the diagnosis ( Figure 1A-C ). An echocardiography, cardiac magnetic resonance imaging (MRI), and CT reconstruction revealed several lesions at the aortic root, and a coronary CT angiography displayed coronary lesions ( Figure 1D-F) . The patient also had FIGURE 1. Radioisotope imaging, echocardiography, PET, CT, and MRI in a 35-year-old man. (A) Whole-body 131 I-MIBG imaging 24 and 48 h after tracer injection. Radioactive accumulation was observed in the right neck. Heterogeneous radioactivity was also detected in the chest and in mid-abdomen. (B) Somatostatin receptor scintigraphy at 1 and 4 h. Somatostatin expression was detected at the right medial root of the cervical carotid sheath. Expression was also detected in the mediastinum between the main and pulmonary arteries, and in the mid-abdomen. (C) PET scan. Multiple metabolic abnormalities were observed in the medial right carotid sheath (C1, SUVmax 13.6), mediastinum between the main and pulmonary arteries (C2, SUV max14.5), and between the abdominal aorta and inferior vena artery (C3, SUVmax 43.6), suggesting malignant neoplasia or malignant paraganglioma. (D) Echocardiography. The left ventricle was enlarged and had reduced function (45.1% ejection fraction). A moderate echogenic mass measuring 31 Â 30 mm was found at the aortic root and left main coronary artery. (E) Cardiac MRI. A lobulated mass was found between the aortic root and main pulmonary artery extending to the aortic arch (56 Â 56 Â 40 mm). (F) CT angiography of the coronary vasculature. Multiple punctate calcifications were observed in the coronary arteries. A mass lesion was observed in the pericardium surrounding the left and right coronary arteries, leading to severe stenosis of the left main coronary artery and multiple stenotic areas in the left anterior descending artery.
131 I-MIBG ¼ iodine-131 metaiodobenzylguanidine, CT ¼computed tomography, MRI ¼ magnetic resonance imaging, PET ¼ positron emission tomography, SUVmax ¼ maximum standardized uptake value.
severe left ventricular (LV) dysfunction (ejection fraction 45.1%, end-diastolic/end-systolic dimension 67/51 mm), which was attributed to a suspected catecholamine-induced cardiomyopathy. His family history indicated that his mother was also diagnosed pheochromocytoma, and his sister died of pheochromocytoma. In addition, the serum total calcium (2.53 mmol/L), free calcium (1.20 mmol/L), phosphorus (1.34 mmol/L), parathyroid hormone (23.4 pg/mL), gastrin (80.9 pg/mL), calcitonin (3.96 pg/mL), and alkaline phosphatase (109 U/L) were also detected to exclude the multiple endocrine neoplasia. Finally, histopathological examination confirmed a diagnosis of pheochromocytoma, supported by AE1/AE3(À), CD56(NK-1)(þ), CgA(þ), Ki-67 (index 3%), S100(þ), and Syn(þ) results on immunohistochemistry.
After consulting with specialists across multiple disciplines, including a cardiologist, surgeon, anesthesiologist, and endocrinologist, the patient underwent a combined cardiac paraganglioma resection, coronary artery bypass grafting (CABG), aortic sinus reconstruction, main and pulmonary artery reconstruction, and main and pulmonary artery arthroplasty under cardiopulmonary bypass (CPB). Anesthesia was induced with midazolam (5 mg), fentanyl (0.05 mg), and propofol (60 mg). Following tracheal intubation with vecuronium bromide, the patient's blood pressure was 160/105 mm Hg and heart rate (HR) 82 beats/min (bpm). After beginning the CPB, his mean arterial pressure (MAP) was maintained at 80 mm Hg with norepinephrine infused at 0.8 to 1.0 mg/kg/min. The tumor was resected in 218 minutes during CPB. After the successful tumor removal, however, the patient could not be weaned from CPB. Even with aggressive fluid resuscitation (4928 mL of fluid administered, total positive fluid balance of 2650 mL, central venous pressure [CVP] of 14 mm Hg), the patient's blood pressure decreased dramatically during our attempt to discontinue CPB, dropping <60/45 mm Hg without any response to vasopressin, norepinephrine at 60 mg/kg/min, and epinephrine at 2.0 mg/kg/min. The patient also exhibited ventricular arrhythmia with a HR of 140 bpm and 3 episodes of ventricular fibrillation. The patient was successfully defibrillated and the HR restored to 50 to 60 bpm. However, myocardial contraction failed to fully recover, and thus, venoarterial (V-A)-ECMO and intraaortic balloon pump (IABP) circulatory support were initiated. With V-A-ECMO treatment, the MAP increased to 60 mm Hg, a sinus rhythm was restored, and the HR remained at 60 bpm. The patient was transferred to the intensive care unit (ICU) for further treatment. The entire surgical progression is shown in Figure 2 .
Upon arriving to the ICU, the patient was still in severe cardiacshockandhypoperfusiondespitereceivingnorepinephrine at 60 mg/kg/min and epinephrine at 2.0 mg/kg/min. The CVP, Gap mean central venous-to-arterial CO2-gap (PvCO 2 -PaCO 2 ), central venous oxygen saturation, and lactic acid concentration were 11 mm Hg, 10.9 mm Hg, 68.3%, and 22 mmol/L, respectively. Transthoracic echocardiography (Vivid 7; GE Medical Systems, Milwaukee, WI) showed severe LV systolic dysfunction (ejection fraction 20%), and the velocity time integral (VTI) was 7 cm with noevidenceofabnormalregional wallmotion, LVenlargement, or pericardial effusion. Hypothermia and dehydration therapy were initiated to protect the brain.
Thirty minutes after entering the ICU, the patient's blood pressure began fluctuating significantly despite full analgesia and sedation. At this point, norepinephrine and epinephrine were discontinued, but his blood pressure then increased rapidly, with the systolic blood pressure as high as 140 mm Hg. Phenoxybenzamine was administered to control blood pressure, but the blood pressure quickly plummeted once more, and norepinephrine and epinephrine were reinitiated at 0.98 and 0.294 mg/kg/min, respectively. His blood pressure began to exhibit an unusual rhythmic alternation between phases of relative hypertension and hypotension. This cyclic hemodynamic crisis continued for the next 10 days. However, the wave amplitude steadily decreased over time with continuous ECMO and other life support therapy; the progression of ECMO treatment and the infection index change are shown in Table 1 . The VTI increased to 12 cm, and the LV rejection fraction increased to 45% on day 10. IABP was discontinued 3 days postoperatively. The patient's condition steadily improved, and ECMO was discontinued 16 days postoperatively. The tracheal cannula was extubated successfully, and the patient was transferred to the general ward 34 days postoperatively and discharged 3 months postoperatively.
DISCUSSION
The majority of pheochromocytomas are located in the adrenal glands. With <1% of tumors localized to the thoracic cavity, cardiac pheochromocytoma is extremely rare. 1 There are no known reports of multiple pheochromocytomas at the paracarotid, heart, and intraabdominal cavity as in the present case. Surgical resection is the definitive treatment for pheochromocytoma 11, 12 ; however, in this case, resection of the cardiac pheochromocytoma required CPB and adequate anticoagulation. Tumor resection at 3 different locations in a single surgery is extremely difficult and presents several challenges including a long surgical duration, significant hemorrhage, significant surgical trauma, and violent circulation fluctuations, all of which dramatically increase the risk of death. In this case, both the coronary and pulmonary arteries were invaded by the pheochromocytoma. Prioritizing the coronary resection may ensure cardiac perfusion, restore heart function, and avoid severe circulation fluctuations; therefore, we decided to perform the surgery in stages. The first stage comprised the cardiac paraganglioma resection, CABG, aortic sinus reconstruction, main and pulmonary artery reconstruction, and main and pulmonary artery arthroplasty. The second stage comprised the surgical removal of the remaining 2 pheochromocytomas.
Mechanical life support with ECMO is an effective treatment for refractory cardiac shock, especially when heart failure is likely reversible. 13 In the current case, the clinical progression occurred in 2 stages: severe refractory shock and hypoperfusion intraoperatively following resection of the cardiac pheochromocytoma; and severe cyclic blood pressure fluctuation postoperatively in the ICU. ECMO played a key role in addressing the hemodynamic instability during both the stages.
The acute refractory shock in this patient intraoperatively may have several causes. First, the abrupt decrease in catecholamine concentration after resecting the cardiac pheochromocytoma may have caused a catecholamine-resistant vasoplegia. The primary risk factor for this type of blood pressure abnormality is catecholamine secretion 14, 15 ; thus, the massive catecholamine secretion from the pheochromocytoma may have exaggerated the vasoplegia severity. Second, direct toxic effects of catecholamines on the myocardium and coronary artery may have caused catecholamine-mediated cardiomyopathy. The toxic effects of catecholamines are likely relevant in the pheochromocytoma crisis. The probable mechanisms underlying catecholamine-mediated cardiomyopathy include excess sympathetic stimulation, myocardial stunning, coronary arterial spasm, increased sarcolemmal permeability, elevated intracellular calcium concentration, and damage induced by oxygen-derived free radicals. 10 Third, postoperative vasoplegic syndrome (PVS) has been shown to contribute to refractory shock after CPB. [16] [17] [18] PVS does not usually decrease the cardiac output or trigger cyclical blood pressure fluctuations itself, but it instead causes persistent hypotension that is difficult to correct or triggers high blood pressure. Therefore, contribution from PVS cannot be excluded in the present case. Fourth, CPB performed after inducing hypothermia and CABG surgery both directly inhibit heart function. Finally, massive catecholamine release from multiple pheochromocytomas can cause peripheral vasodilation, severe cardiac depression, or distributive and cardiogenic shock. 19 The complex mechanisms of acute refractory shock in this patient during surgery resulted in hemodynamic function characterized by extremely low cardiac output and peripheral vascular resistance unresponsive to catecholamines. In this lifethreatening scenario, IABP and V-A ECMO were available as extracorporeal support systems. IABP provides only limited additional cardiac output, which is usually inadequate for acute refractory shock. V-A ECMO is an alternative option able to adequately perfuse all the organs irrespective of the lung condition. It can perform the functions of both ventricles and lungs, and can support a failing heart long term as needed. V-A ECMO can be started within 30 minutes and easily discontinued bedside in the ICU. In the present case, the MAP increased to 60 mm Hg immediately after initiating V-A-ECMO. IABP was also initiated to reduce cardiac afterload, ensure coronary artery perfusion, and maintain the pulse pressure early during V-A ECMO.
After beginning V-A ECMO and IABP, organ perfusion improved, metabolic acidosis was corrected, and the response to vasoactive drugs was restored. However, as perfusion to the 2 remaining pheochromocytomas was restored, the blood pressure began to immediately cycle between hypertension and hypotension. The mechanism for this rapid blood pressure fluctuation is unclear, but baroreflex failure may be responsible. Baroreceptors are tonically active and can respond quickly to blood pressure changes. 20, 21 These patients may rapidly respond to a-blocker drugs such as phentolamine. In contrast to other cases of pheochromocytoma crisis with cyclic blood pressure fluctuation, however, the cardiac function in this patient was severely inhibited by the complex mechanisms as described. In this scenario of cyclic hemodynamic crisis, V-A ECMO can provide consistent perfusion and strengthen the cardiovascular tolerance for rapid cyclic blood pressure fluctuation and fluid resuscitation irrespective of poor cardiac function. Thus, V-A ECMO was not only key in successfully addressing the hemodynamic instability during the first refractory shock stage, but also the most important therapy ensuring adequate organ perfusion during the second stage comprising cyclic blood pressure fluctuation. Pheochromocytoma crisis is rare but can cause refractory cardiovascular collapse and, occasionally, cyclic blood pressure fluctuation. ECMO can be used as valuable option for pheochromocytoma-induced cardiogenic shock, especially when highly unstable hemodynamics occurred. In patients experiencing a pheochromocytoma crisis with rapid cyclic blood pressure fluctuation, if acute heart failure also occurred, V-A ECMO is the most important mechanical life support to strengthen the cardiovascular tolerance for cyclic hemodynamic crisis and guarantee organs perfusion in such extreme hemodynamic status.
